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. ^ Abstract 

X, 

H The possibility of parity violation in a gravitational theory with torsion is extensively 

explored in four and higher dimensions. In the former case, we have listed our conclusions 
on when and whether parity ceases to be conserved, with both two-and three-index anti- 
symmetry of the torsion field. In the latter, the bulk spacetime is assumed to have torsion, 
and the survival of parity-violating terms in the four dimensional effective action is stud- 
ied, using the compactification schemes proposed by Arkani-Hamed-Dimopoulos-Dvali and 
Randall-Sundrum. An interesting conclusion is that the torsion-axion duality arising in a 
stringy scenario via the second rank antisymmetric Kalb-Ramond field leads to conserva- 
tion of parity in the gravity sector in any dimension. However, parity- violating interactions 
do appear for spin 1/2 fermions in such theories, which can have crucial phenomenological 
implications. 
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1 Introduction 

Torsion in space-time is an interesting possibility in theories of gravitation. In particular, 
the presence of matter fields with spin has often been suggested as a likely source of torsion. 
Ever since the Einstein-Cartan (EC) theory was proposed, the customary way to incorporate 
torsion has been to include it as a tensorial extension to the affine connection, which is 
antisymmetric in at least two indices. It has been further pointed out in some recent studies 
[1, 2] that once torsion is present, a similar pseudo-tensorial extension, involving torsion and 
the completely antisymmetric tensor density, is also possible. This can, in general, cause the 
violation of parity both in the pure gravity sector (including torsion) and in the coupling of 
various matter fields with torsion. 

In addition, torsion has sometimes been linked with string theories, where it is possible 
to relate torsion to the rank-2 antisymmetric Kalb-Ramond (KR) field. In such a case, 
the field strength tensor corresponding to the KR field enters in the connection, and it is 
antisymmetric in all three indices. The constraints imposed by such complete antisymmetry 
requires a reappraisal of the scenario, especially with regard to parity-violation. 

The motivation of looking for parity violating gravitational interaction emerges from 
both theoretical and observational viewpoints. Einstein's general relativity is known to 
conserve parity. The possibility of a parity violating extension was pointed out in the usual 
Einstein-Cartan framework by extending the Lagrangian density R, i.e the scalar curvature, 
by i? -I- e^"°'^ Rfxvap ,which is the only possible extension linear in R. Although this new 
term vanishes identically for Einstein's theory but it yields a non-vanishing parity violating 
contribution for Einstein-Cartan theory. In ref.[l, 2] it has been pointed out that such a 
parity violating term comes naturally if one considers a pseudo tensorial extension of the 
affine connection.In fact there is no apriori reason to beleive that the Cartan extension of the 
affine connection must have a definite parity i.e. parity conserving only. Thus getting parity 
violation in this way looks more natural. In addition this allows us to study the coupling 
of this parity violating term ( pseudo tensorial extension of the affine connection ) with 
other spin fields through the usual minimal coupling prescription [1, 2]. The observational 
motivation emerges from two important results reported in [3, 4]. In ref.[3] it has been shown 
that a parity violating gravitational interaction can flip the helicity of a fermion and thereby 
provides a possible explanation of the well known neutrino anomaly problem. On the other 
hand ref.[4] shows that a parity violating coupling between electromagnetic and a scalar 
field can explain the recently observed anisotropy in the Cosmic Microwave Background ( 
CMB ) radiation. Indeed the dual scalar of the pseudo-tensor component of the connection 
discussed above can be identified with such a scalar. 

Further investigations have been recently carried out in the context of theories with 
large extra dimensions, namely those of Arkani-Hamcd Dimopoulos-Dvali (ADD) [5] and 
Randall-Sundrum (RS) [6]. In such models torsion exists in the bulk together with gravity. 
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while all the standard model fields are confined to a 3-brane. It has been demonstrated [7], 
that a bulk torsion related to the KR field in ADD type of models has most of its parity- 
violating effects washed out when one compactifies the extra dimensions and considers the 
projection of bulk fields on the visible brane. In the context of a Randall-Sundrum scenario, 
very similar conclusions hold in the simplest cases. However, there one reaches the interesting 
conclusion that in spite of having the same status in the bulk as gravity, effects of the massless 
mode arising from torsion are heavily suppressed on the standard model brane, thus creating 
the illusion of a torsionless universe [8] . 

On the whole, the issue of parity-violation in torsioned gravity needs to be addressed in 
the light of a number of factors, namely 

• Whether the extension due to the torsion field has antisymmetry in two or three indices. 

• Whether the coupling constants corresponding to the different pseudo-tensorial exten- 
sions are the same or different. 

• The dimensionality of the space in which torsion is assumed to exist. 

• Whether torsion is introduced minimally (i.e. through the terms of least order) or 
non-linear extensions are to be made if one considers the possibility of parity violation. 

In this paper, we present our observations for different cases arising out of combinations 
of the above possibilities. Although some of the individual points have been discussed earlier 
in the references given above, an overall perspective is yet to be provided on this unique 
feature of gravitational interactions. Such a perspective is aimed at in this work. 

In section 2, we outline the general features of the mechanism of parity- violation induced 
by torsion. An examination of individual cases in both 4 and higher dimensions, with the 
ways the parity-violating terms can be constructed in each case, is made in section 3. We 
summarise and conclude in section 4. 



Upon antisymmetrization of F'^^ in the two lower indices v and A, one obtains a tensor 
known as 'spacetime torsion': 



2 Torsion and parity violation 



2.1 The framework 



The connection in EC theory, denoted by T'^^, is completely asymmetric in all its indices. 




(1) 



Accordingly, t'^^ can be expressed in terms of the symmetric Christoffel connection T'^^ and 
the torsion as 
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where -f^tA ~ + ^x^i^ ~ ^uX known as the 'contorsion' tensor, constructed out of 
the torsion tensor in order to preserve the metricity condition in EC theory: 

g"" = 0, (3) 

D being the covariant derivative defined in terms of T. The contorsion tensor is, by con- 
struction, antisymmetric in the first and the third covariant (contravariant) indices. 

A straightforward way to introduce parity-violation through the well-known minimal 
coupling scheme is to incorporate a pseudo-tensorial extension in the EC connection [1] such 
that 

fe, ^ f;;, = re, - (i^t, + if/, - H^,n - Q i*Kx + *^A^ - *H,xn (4) 

with *H^^^ having opposite parity properties relative to H^^y The parameter g determines 
the degree of parity-violation, and as a general notation we are using the * for a pseudo- 
tensor. In general, H and *H may be two completely different tensors transforming 
oppositely under spatial parity, but in that case it is always possible restore parity through 
appropriate rephasing of the fields. Therefore, the only situation where one can have a 
parity- violating gravitational field theory is when *H is constructed out of H itself 
and linearly in the completely antisymmetric permutation tensor e. For example, in 4 
dimensions, a valid combination of e and H creating a *H'^^ (antisymmetric in u, A) 
maybe e^1x^% o^' ^%[i.-f^^A]a' as is shown in [1, 2]. 

2.2 H with two-index antisymmetry 

As has been mentioned above, H is antisymmetric in two indices in the most general case. 
If parity has to be violated, then a similar general property has to be attributed to *H as 
well, since the latter is constructed linearly out of the former in a minimal construction. In 
such a case, the gravitational Lagrangian density, with the surface terms eliminated, turns 
out to be composed of two parts transforming oppositely under parity. The parity conserving 
part Cgriv^ and the parity violating part Cg^j^^ are given as 

Cgrt'^ = R{9) - <A (V' - '^H^',) ' H^apH^P + 0{q') (5) 
^grt^ = - 2g (<A * V' - <A * H'^l " * Kx ^'^M + '^^^ * H . (6) 

where 0{q^) are the additional parity-conserving terms arising in the present scenario; they 
are of less relevance since we are primarily interested in the terms bearing opposite parity 
properties relative to the original Cartan terms. 

It should also be mentioned here that CgJSv'' above is identical to the form proposed in 
an earlier work [9] where an extra term of the form e"/^'^'^ RajB^iv was added to the original 
Einstein-Hilbert Lagrangian. However, the present scheme gives us in addition a guideline 
for constructing parity violating terms involving matter fields with different spins. 
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For a spin- 1/2 fermion in a spacetime with torsion, the extended Dirac Lagrangian 
density is given by [10]: 



tor 



(7) 



where denotes the tetrad connecting the curved space with the corresponding tangent 
space. The above expression can be decomposed into the terms with opposite parity: 



f (pc) 



tor 



4 



M/3 



(8) 
(9) 



being the Dirac Lagrangian density in Einstein gravity. Thus exphcit parity-violation 
appears through the term C{Jf"^ when a spin - 1/2 fermion couples to the background 
torsion. Just a two-index antisymmetry in the torsion tensor is thus sufficient to ensure 
parity violation in both the pure gravity sector and in the Lagrangian of spin-1/2 particles. 

The coupling of torsion with a spin-1 Abelian gauge field A^, however, runs into prob- 
lems in maintaining gauge invariance. This is because the corresponding field strength 
F^y = D^^A^j is not invariant under U{1) gauge transformation. This has been a persistent 
difficulty for torsion with two-index antisymmetry, so long as one wants to remain within 
the minimal coupling scheme. In a string theoretic scenario, however, this problem can be 
handled in a manner to be discussed below. 



2.3 H with three-index antisymmetry 

A torsion tensor H with complete antisymmetry in all its indices may be identified with the 
field strength corresponding to the second rank antisymmetric tensor field S^jy appearing 
in the massless sector of heterotic string theory. Starting from the Einstein-Cartan action 
in such an antisymmetric tensor field background one can use the equation of motion for 
torsion to identify torsion with the KR field strength and trade away the torsion from the 
action [11]. 

To cancel U{1) gauge anomaly and preserve N=l supersymmetry in the heterotic string 
theory the field strength H^^x is augmented suitably with a Chern-Simons (CS) term A^^j^F^x] 
{F being the field strength of a U{1) gauge field A): 

H^^x = di^B.x] + A[^d,Ax] (10) 

Using this Chern-Simons augmented field strength H^^i^x we consider the low energy field 
theory limit of the bosonic sector of the toroidally compactified String theory. It has been 
shown [11] that in such a theory CS term plays the crucial role in resolving the problem of 
U{1) gauge-invariance mentioned above. This is easy to verify since H^^x as defined above 
is invariant under the U{1) gauge-transformation SA^ = d^ui and SBfj^i, = u F^j^y [11]. 
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Now, one can again have a pseudo-tensor *H constructed out of the permutation tensor 
e and H and write in general the torsion as Hf^nx + q *-ff^;/A- The sum as a whole need not 
be totally antisymmetric, as *H can be antisymmetric only in a pair of indices although 
Hfj^iiX is antisymmetric in all the three indices. Such construction is explicitly shown in 
the following section, where we shall also state the specific conditions for retaining parity 
violating effects in different sectors. Due to the presence of the CS term, the Einstein- 
Cartan-Kalb-Ramond (ECKR) Lagrangian density involves the gauge field A. Therefore, 
following the formalism in [11] we can express the Lagrangian density for ECKR-gauge field 
coupling as 

^'ec'kr = m - ^{H^""' + q *H^''^){H,.x + Q *H^.x) - ^F^^F^^ (11) 
The Lagrangian density for ECKR-fermion coupling is given by 
^ECKR = 4 - i'[il''gaSCT'^v^vy,{H'^^f, + q^^H'^^p + * H p% - *H^p")]]i^ (12) 



3 Construction of *H in different dimensions 
3.1 The general outlook 

So far we have discussed in a general way the possibility of parity violation arising from *H. 
Now we shall concentrate on various ways of constructing *H out of H in different spacetime 
dimensions. 

Depending on the dimensionality, *H can be constructed using linear as well as higher 
powers of H. In particular, it is straightforward to see that 

(a) In even spacetime dimensions (4, 6 • • •) *H must be constructed using an odd 
number of if s, i.e., *H is linear, cubic • • • m H. 

(b) In odd spacetime dimensions (5, 7, • • •) *H must contain an even number of -ff's and 
therefore can be bilinear, quadrilinear • • ■ in iif . 

Note that since the three-form H is equal to dB + A A F, dimensional arguments 
tell us that an *H constructed out of higher powers of ii's gives parity-violating effects 
suppressed by correspondingly higher powers of the Planck mass. 



3.2 Construction of *H in 4 dimensions 
3.2.1 Minimal construction 

Wc arc now considering an H which is totally antisymmetric in all three indices. In 4 
dimensions, a minimally constructed *H consists of terms linear in H, whence the pseudo- 
tensorial connection can generically be written as [2] 

Q *Kx = 11 ^^A H% + q, H\^. (13) 
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However, if the coupling strengths qi and q2 are equal (which is the situation corresponding to 
complete antisymmetry in the pseudo-connection), the above expression vanishes identically 
as a whole. This can be verified easily on observing that one can always replace the totally 
antisymmetric three-tensor H^j^x — ^ three-form — by its Hodge-dual one- form, i.e., a 
pseudo-vector as: 

H/xi^x = e^uXa h'^- (14) 

Therefore qi and q2 must always differ, which implies that we are left with the case where 
the term *H^^^ is antisymmetric in v and A only. This is not an unnatural assumption, 
since there is no symmetry of the theory demanding the equality of the two charges. 

Even with qi and q2 unequal, a rather interesting thing is observed. If one considers the 
parity violating part of the gravity sector (equation 6) and uses the above duality relation, 
it is straightforward to see that Cgi"av = identically. Thus a Kalb-Ramond type of torsion 
cannot violate parity in the effective scalar curvature. 

A similar conclusion follows for Abelian gauge fields, too. The gauge-invariant ECKR- 
Lagrangian density along with the gauge field A [Eq.(ll)] can now be separated into parity 
conserving (pc) and parity violating (pv) parts as 

jrsauge^^c) ^ ^^^^ _ 1 _ 1_^Q^^B,^^ + A^^F,x]){d^^ B^>^^ + ^t^F^^l) + Oiq^A^ 

^„^.) ^ -\{q, + 2q2) + A^,F,^]){dl'B^-^ + A^^F^^^^) (16) 

However, once again the relation (14) can be employed to check that the parity- violating 
term ^^eckr'^^ vanishes identically. This is because all the terms, including those from 
Chern-Simons extension are three index antisymmetric and therefore dual to a vector in four 
dimension by the relation (14). So our conclusion is that the theory is parity conserving in 
both gravity and electromagnetic sectors even for qi / g2- 

It is worth mentioning here that in a recent work [12], it has been argued that there 
can be an alternative way of incorporating parity-violation in the coupling of the gauge field 
with torsion by extending the Chern-Simons term in the modified field strength -f/^^i^A by 
the dual of Maxwell field tensor F^*^ . Such a term generates a parity violating interaction 
between the gauge field and the torsion. 

Once the torsion tensor is identified with the KR field, the pseudo-tensorial extension of 
the connection makes the KR coupling to a spin - 1/2 fermion parity- violating. In terms of 
the axion that appears in the string spectrum and defined through the duality relation 

d^B.x] = e^uxa 0- (17) 
the Lagrangian density in the fermionic sector is given by 

i^ECKR = + 8 (gi - q2) ^ (i7c ct'"'' vlv^vl g,x cj)) ^ 

+ (z7c C7«^ [2gi e"^,;, - («i-2g2)e"^^. ^[ai^/3A]]) V'(18) 



This Lagrangian density is manifestly parity-violating, through both the axion (f) and the 
CS term. Thus fermionic interactions constitute the benchmark of parity violation induced 
by torsion of the above kind, albeit with the special requirement q\ ^ q2- Moreover, due 
to the presence of the CS term in the connection, an interaction between the gauge field 
and the fermion appears. Though the term is suppressed by two powers of the Planck mass, 
such an interaction may be interesting for future studies. 

Before we move on to the next topics, we summarize below our main conclusions on 
parity violation with torsion in four dimensions, with the pseudo-tensorial extension always 
kept linear in H: 

• When the torsion tensor is antisymmetric only in the two lower indices {i.e. in a 
model-independent representation of torsion), parity violation is always observed both 
in the pure gravity sector (i.e. in the effective scalar curvature) and in the coupling 
of matter fields to torsion. However, the coupling of torsion to massless gauge fields is 
difficult to ensure unless one goes beyond the minimal scenario. 

• When the torsion tensor is antisymmetric in all three indices, {i.e. one can write it 
both as the strength of the antisymmetric Kalb-Ramond tensor field and and as the 
dual of a pseudoscalar field), the pseudotensorial extension *H identically vanishes so 
long as it is also constructed as antisymmetric in all three indices. Thus there is no 
possibility of parity violation in such a case. 

• When the torsion tensor is antisymmetric in all three indices, it is still possible to 
have only a two-index antisymmetry in the pseudo-tensorial part *H, by imposing 
inequality of the two couplings qi and q2- In such a case, too, the gravity sector and 
the gauge field sector still turn out to be parity-conserving. However,spin-l/2 fields 
have parity-violating coupling with torsion in such a case. 

3.2.2 Non- minimal construction 

We have already seen that no parity violation occurs in the gauge and gravity sectors for 
the minimal (linear) extension in 4 dimensions. Here we look for the possibility of parity 
violation in these sectors with the leading non-minimal terms in the extension. As mentioned 
earlier, in 4 dimensions, a pseudo-tensor *H constructed using H can, in general, have 
terms containing only odd powers of H. Therefore, the most general pseudo-tensorial part 
of the affine connection can be schematically expressed as 

*H = eH + e HHH + e HHHHH + (19) 

The set of possible terms trilinear in R (suppressing the charges multiplying the various 
terms) in the above expression is given by 

H% i?-^ H^,, + e'^^^^^ H\^, H^^ + e'^'^^ H^^ H\^^ H^,, 
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+ e 



H'^^^^ RP"^ H'^^^ + similar terms 



(20) 



In the special ease of a eomplctely antisymmetric pseudo-tensorial connection, tliere are 
a number of allowed terms for each non-minimal order construction. However, similar to 
the minimal construction ease, terms of each variety in the non-minimal construction can be 
shown to vanish on using the general relation (14). Thus we can make the following generic 
statement: it is, in no way, possible in a ^-dimensional Lagrangian to have a pseudoscalar 
term built out of com,pletely antisymmetric three-tensors raised, to any index. 

When the field H is only two index antisymmetric then the non-minimal extensions 
no longer vanish. However, it can be explicitly checked that no parity-violating term in 
the Lagrangian density in 4 dimensions appears either in the gravity sector or in coupling 
with gauge fields upto a term trilinear in H in the connection. In the fermionic sector, 
parity violating terms from the non-minimal extensions do appear in the Lagrangian density. 
However such terms are hardly of any significance as they are suppressed by increasingly 
higher powers of Planck mass. 

3.3 Construction of *H in 5 dimensions 

Considering that torsion (or, equivalently, the KR field) coexists alongside gravity in the 
bulk, we find that in 5-dimensional spacetime the pseudo-tensor *H constructed from 
H have to be at least bilinear in the latter. The most general pseudo-tensorial part of the 
affine connection, antisymmetric in a pair of indices, can now be written as 



where the primed indices ji' ,v' ■ etc. run all over both the usual four-dimensional space- 
time and the extra space dimension y. The coupling strengths qi,q2,Q3,Q4: and are, in 
general, diflFerent from each other, thereby leaving *H to be antisymmetric in two indices. 
The special case of a totally antisymmetric pseudo-tensor *H can be encountered if we set 
qi = —q2, qz = qA and put q^ = 0. Unlike in 4 dimensions, here the totally antisymmetric 
*H gives non-vanishing contribution to the connection. 

With this modified connection in 5 dimensions, we now examine the parity violating effect 
in the effective 4-dimensional theory with two compactification mechanisms, viz., Arkani- 
Hamed-Dimopoulos-Dvali (ADD) [5] and Randall-Sundrum (RS) [6]. We compute the 
parity violating part of the 4-dimensional Lagrangian density for these two compactification 
schemes. For the sake of convenience we consider here only the terms multiplying qi and q2 
terms of Eq.(21), with qi ^ q2 in general. The conclusions are, however, not aflFected by this 
simplification. 




+ 15 ^a'P'-y'S'lu'Hy^ 



(21) 



3.3.1 Compactification in ADD scenario 

Although the ADD type of models are phenomenologically disfavoured in 5 dimensions, we 
include it here for completeness. In such a model [5], the compact and Lorenz degrees of 
freedom can be factorized and the string scale Mg (expected to lie between a few TeV's and 
a few tens of TeV) controls the strength of gravity in (4 + n) dimensions. Mg is related to the 
4-dimensional Planck scale Mp by M^'^'^/Mp ~ R being the compactification radius. 

Compactification of the n extra dimensions leads to a tower of Kaluza-Klein (KK) modes 
on a visible 3-brane and as such a massless field in the bulk gives rise to a massive spectrum 
m| = Air'^n^/R^ with n = (rzi, n2, • • • , n„) [13]. In a physical process, the summation 
over these tower of fields, convoluted with the corresponding density of states, causes an 
enhancement, despite an Mp-suppression of individual coupling. Thus 'new physics' is found 
to intervene at the TeV scale, thereby providing a natural cut-off to the electroweak theory. 

For a bulk KR field B^/^r, the ADD compactification in general gives rise to a set of 
tensor fields BJJ^, vector fields and scalar fields x" in a 4-dimensional effective theory. 
However, one can assume the bulk .B^',/' to be block-diagonal in compact and non-compact 
dimensions [7], i.e., B'^ can be taken to be zero without any loss of generality. Now, following 
the standard toroidal compactification procedure shown in [13], we obtain the 4-dimensional 
effective parity-violating part of the Lagrangian density for KR-fermion coupling 

n,n' ,m,m' 

+ 2B(;) d^^Bl^J) - ^ nn' g^^^^^ C^-') {B^J$ B%^ + 2<) B%^)}\ i, 

n,n' ,m 

+ 25^) d^,B^:::i) - |J nn' (Si^) + 2st) B%^)}] ^ (22) 

where C^^") = (jr°"f(") (where y stands for the extra dimensions), and with the contributions 
due to the CS terms which are suppressed by higher powers of Planck mass in the above 
expression. 

3.3.2 Compactification in RS scenario 

In the RS framework, we have a non-factorizable geometry and as such the metric contains 
a so-called 'warp '-factor which is an exponential function of the compact space dimension y: 

ds'^ = e-2'='^=l^lr?^^dx^da;'' - r^dy^ (23) 

where Tc is the compactification radius on a Z2 orbifold, and k ~ M5, the higher dimen- 
sional Planck mass. For the bulk KR field Ba'i,' in this scenario, one can use the standard 
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decomposition technique used, for example, in [14]: 



B,,A^,y) = (24) 

n 

which, on the visible brane, is given by 

BA^) = E%^^^"^W (25) 



The couplings are controlled by appropriate warp factors arising from ^ [14]. The 4- 
dimensional effective parity- violating part of the Lagrangian density for KR-fermion coupling 
in this case is given by 



Y.n,n' C'^"^(^)C("'n^) + 5[,S(^;4";U(")(^)^'('^'H^)}]V' (26) 

where ^'(")(7r) = d^^-^^ /dy \(^y^^y 

It should be mentioned in this context that a 5-dimensional scenario also admits of an 
additional term of the form 

C^l = Mp e^^'^'^^H^.xBo.p. (27) 

Such a term is invariant under the Kalb-Ramond gauge transformation 6B^^^ = dy^oj^T^, 
modulo a divergence term. However, it is not invariant under the U{1) gauge transformation 
of the KR field, which we have introduced to justify the Chern-Simons terms defined earlier. 
Therefore, a term of this form survives only if torsion does not couple to electromagnetism, 
at least through a Chern-Simons term. 

Once a term of this kind exists, one hopes to generate a parity violation in four dimension 
when the fifth dimension is compactified a la Randall-Sundrum. However it is found that 
the presence of such a term makes the B^i, field selfdual or anti-selfdual and the resulting 
four dimensional action conserves parity. We shall report the details of such a scenario in a 
forthcoming paper. 



3.4 Construction of *H in 6 dimensions 

The construction oi *H in 6 dimensions can only be completely antisymmetric in all co- 
variant (contravariant) indices [7]: *Hn'i''\' = ^ '''^,j^,_;^,i7a'/3'y. As has been the cases in 
4 and 5 dimensions, if one calculates here the parity- violating part of the EC-KR-Maxwell 
Lagrangian, i.e., the term *Hi^'^''^' H^ijjiy, it turns out to be zero again. Moreover, for the 
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KR-fermion coupling, it has been shown exphcitly in [7] that although the augmentation of 
the covariant derivative with the pseudo-tensorial part in presence of torsion causes parity- 
violation in the bulk, the ensuing theory in 4 dimensions turns out to be parity-conserving. 
This can be understood from the fact that upon an ADD-type compactification, one can 
obtain the following KR coupling to the spin- 1/2 fermion of mass m: 

Cf = Cf + (^7^^^ ^P - 1^ ^ i75X V' (28) 

n P 

where Cj is the 4-dimensional Dirac Lagrangian in Einstein gravity, q being the charge 
of the pseudo-connection and Xj the scalar field in the KK spectrum for B^'i,'. Prom the 
viewpoint of parity transformation in 4 dimensions, this Lagrangian is invariant, since we 
can always use the phase freedom of the fields B^^^ and x independently on the 3-brane. It 
has also been argued in [7] that the above feature of getting no parity- violation in any sector 
in 6-dimensions holds in a RS framework as well. 



4 Summary and conclusions 

We have made a general survey of the role of spacetime torsion as a possible source of parity 
violation, evinced from its interaction with both curvature and various spin fields. We have 
shown that while a completely antisymmetric torsion (originating from Kalb-Ramond field 
in a string inspired model) can induce parity violation only in the spin 1/2 fermion sector but 
not in the curvature or ^7(1) gauge sector. A two-index antisymmetric torsion can however 
violate parity in all spin sectors. 

We have also generalized these results into higher spacetime dimensions. These results 
are specially significant in studying parity violation in phenomenological models originating 
from D-branes. Postulating the existence of torsion (identified with the KR field) in the 
bulk in each case, we still find that parity is always restored when one considers its coupling 
to curvature. On the other hand, the fermionic sector is seen to violate parity in the 
resulting 4-dimensional theory obtained upon compactification of the extra dimensions a la 
Randall- Sundrum and ADD. In each of the above cases, all the parity violating couplings are 
explicitly calculable. These parity violating couplings may turn out to be phenomenologically 
significant in the context of solar neutrino problem [3]. 

We conclude with the observation that the curvature (or gravity) sector and electromag- 
netic sector are always seen to be shielded from parity-violating effects whenever the torsion 
tensor is fully antisymmetric in all three indices. This, in turn, is traced to the fact that 
such a tensor can always be expressed in terms of its dual axion field. Thus parity conserva- 
tion in gravity, space-time torsion notwithstanding, has a rather striking relationship with 
duality. We have thus exhaustively described the possibilities of generating parity violating 
interactions through spacetime torsion with special emphasis on a String inspired models. 



Various phenomenological implications of the results presented in this work may now be 
investigated for (3 + 1) dimensional as well as higher dimensional theories. It may be noted 
from equ.(4) that q measures the relative strength between the parity conserving and parity 
violating part in the Cartan extension of the afHne connection. Thus to determine q one 
must look into phenomena originating from both the parity violating and parity conserving 
part. Calculating the helicity flip amplitude from left handed to right handed neutrino and 
the resulting change of flux of the incoming left handed solar neutrino [3] we can compare 
this against the experimental data to estimate the parity violating component. The parity 
conserving part does not contribute in this process. Data from CMB anisotropy can also 
be used to determine the parity violating part [15]. Moreover the experimental value of the 
optical rotation of the plane of polarization of the distant galactic polarized radiations, over 
and above the usual Faraday rotation ,may be used to determine both the parity conserving 
as well as parity violating components [16]. For the higher dimensional theories like ADD 
scenario equ.(22) indicates that only the massive Kaluza-Klein tower of the KR field con- 
tribute in KR-fermion interaction term whereas in RS scenario equ.(26) implies that both 
the massless as well as the massive modes of the KR field interact with the fcrmions. As 
the massless mode in RS scenario is shown to be suppressed by the large warp factor on the 
visible brane [8], the massive KR modes in these higher dimensional theories are expected 
to play crucial roles in the forthcoming Tev scale experiments. 

Acknowledgments 

The work of BM and SSG is partially supported by the Board of Research in Nuclear Sci- 
ences, Government of India, under grant Nos. 2000/37/10/BRNS, 98/37/16/BRNS cell/676. 
S. Sur acknowledges support from the Council of Scientific and Industrial Research, Gov- 
ernment of India. The work of S.S is financed by Fundagao para a Ciencia e a Tecnologia, 
Portugal, through CAAUL. 

References 

[1] B.Mukhopadhyaya and S.SenGupta, Phys. Lett. B 458 (1999) 8. 

[2] B.Mukhopadhyaya, S.SenGupta and S.Sur, Mod. Phys. Lett. A 17, No. 1 (2002) 43. 

[3] S.SenGupta and A.Sinha, Phys.Lett.B 514 (2001) 109. 

[4] A. Lue, L. Wang and M. Kamionkowski 1999, Phys. Rev. Lett. 83 1506 ; N. Lepora, 
gr-qc/9812077. 

[5] N.Arkani-Hamed, S.Dimopoulos and G.Dvah, Phys. Lett. B 429 (1998) 263; ihid 436 
(1998) 257. 

[6] L.Randafl and R.Sundrum, Phys. Rev. Lett. 83 (1999) 3370; ihid 83 (1999) 4690. 



13 



[7] B.Mukhopadhyaya, S.Sen and S.SenGupta, Phys. Rev D65 (2002) 124021. 
[8] B.Mukhopadhyaya, S.Sen and S.SenGupta, Phys.Rev.Lett. 89 (2002) 121101. 

[9] R. Hojman, C. Mukku, W. Bayed, Phys. Rev. D 22 (1980) 1915. 

[10] J. Audretsh, Phys. Rev. D24 (1991) 1470; B. Figuereido, I. Scares and J. Tiomno, 
Class. Quan. Grav. 9 (1992) 1593. 

[11] P. Majumdar and S. SenGupta, Class. Quan. Grav. 16 (1999) L89. 

[12] P.Majumdar, 2001, Preprint hep-th/0105122 

[13] T.Han, J.D.Lykken and R.J.Zhang, Phys. Rev. D 59 (1999) 105006. 
[14] W.D.Goldberger and M.B.Wise, Phys. Rev. D60 (1999) 107505. 
[15] D.Maity, P.Majumdar and S.SenGupta, hep-th/0401218 

[16] S.Kar,P.Majumdar, S.SenGupta and A.Sinha,Eur.phys.J.C23,357(2002) ; S.Kar, 
P.Majumdar,S.SenGupta and S.Sur, Class.quant.Grav. 19,677 (2002); D.Maity, 
S.SenGupta hep-th/0311142 . 



